The effect of NADH on melanogenesis under aerobic conditions involves three types of reaction: (a) acting as tyrosinase substrate (a competitive substrate of Ltyrosine and L-DOPA), (b) irreversible inactivation acting as a suicide substrate of tyrosinase, and (c) nonenzymatic reduction of o-dopaquinone by NADH. Under anaerobic conditions, NADH irreversibly inhibits the enzymatic forms met-tyrosinase and deoxy-tyrosinase. In this paper, we kinetically characterize this coenzyme as it acts as a tyrosinase suicide substrate and propose a kinetic mechanism to explain its oxidation by tyrosinase. In addition, the compound is characterized as an irreversible inhibitor of met-tyrosinase and deoxytyrosinase.
The effect of NADH on melanogenesis under aerobic conditions involves three types of reaction: (a) acting as tyrosinase substrate (a competitive substrate of Ltyrosine and L-DOPA), (b) irreversible inactivation acting as a suicide substrate of tyrosinase, and (c) nonenzymatic reduction of o-dopaquinone by NADH. Under anaerobic conditions, NADH irreversibly inhibits the enzymatic forms met-tyrosinase and deoxy-tyrosinase. In this paper, we kinetically characterize this coenzyme as it acts as a tyrosinase suicide substrate and propose a kinetic mechanism to explain its oxidation by tyrosinase. In addition, the compound is characterized as an irreversible inhibitor of met-tyrosinase and deoxytyrosinase.
Key words: NADH; tyrosinase; mechanism; suicide; inactivation Tyrosinase (TYR) or polyphenol oxidase (PPO) (monophenol, o-diphenol:O 2 oxidoreductase, EC. 1.14.18.1) is an enzyme with two copper atoms in its active site. It catalyzes two different reactions in which molecular oxygen is used: the orthohydroxylation of monophenols to o-diphenols (monophenolase activity), and the oxidation of o-diphenols to their corresponding o-quinones. 1, 2) In the catalytic cycle, the enzyme is found in three forms: ''met'' (Cu 2þ -Cu 2þ ) E m , ''deoxy'' (Cu þ -Cu þ ) E d , and ''oxy'' (Cu 2þ -O 2 2À -Cu 2þ ) E ox . 2) The oxygenated form oxy-TYR (E ox ) can act both on monophenols, and o-diphenols. The met-TYR form (E m ) acts on o-diphenols but not on monophenols, and can be converted into E ox by adding hydrogen peroxide (H 2 O 2 ). [3] [4] [5] The deoxy-TYR form (E d ) binds molecular oxygen to form E ox . 5) The electrons or protons released in the biological reactions of oxidation are frequently transferred enzymatically to one of the two oxidizing agents, such as nicotinamide adenine dinucleotide (NAD þ ) or nicotinamide adenine dinucleotide phosphate (NADP þ ). 6) For many years, the nucleotides of pyridine have been known to be essential for all organisms because of their role in the transduction of energy. As coenzymes, they participate in a multitude of metabolic reactions during hydrogen transfer. However, recently a new role has been ascribed to NAD þ as important factor in signalling pathways. 7) The precursor of NAD þ in all eukaryotic cells is tryptophan, and a diet poor in tryptophan may lead to the development of pellagra, which can be treated with nicotinic or nicotinamide supplements. 8) The properties of the melanins generated by the oxidation of L-DOPA by TYR have been described with respect to their oxidation of NADH. 9) Furthermore, those authors postulated that such electron transfer properties are important in a protective role against radiation and toxic free radicals. It has been known for a long time that NADH can reduce the lag period in the monophenolase activity of TYR, although attention has always been concentrated on their role as electron donators, similarly to L-DOPA. 10) In this work, we studied melanogenesis inhibition by NADH, under two conditions: (A) aerobic and (B) anaerobic. As regards aerobic conditions, NADH can act in three ways: (a) as a TYR substrate (inhibition by competitive substrate); (b) as a suicide substrate of TYR (inhibition by irreversible modification), and (c) as a reductant of o-dopaquinone in a non-enzymatic reaction. Under anaerobic conditions, NADH acts as inactivator of different enzymatic forms of TYR, such as met-TYR and deoxy-TYR.
Material and Methods
Enzyme source. Mushroom TYR (3,300 U/mg) from Sigma (Madrid, Spain), was purified as described in reference 11. Enzyme solution was passed through a column (2:0 Â 30 cm) of Sephadex G-100 (Pharmacia, Upsala, Sweden) equilibrated on 0.01 M sodium phosphate buffer, pH 7.0. Samples showing TYR activity were further purified by FPLC anion-exchange chromatography on a Mono-Q HR 5/5 column (Pharmacia, Upsala, Sweden) equilibrated with 0.01 M sodium phosphate buffer (pH 7.0) and eluted with sodium chloride (0-0.5 M gradient). The purified enzyme was desalted with Sephadex G-25 (Pharmacia, Upsala, Sweden) in ultrapure water and stored in liquid nitrogen. The TYR concentration was determined by measuring the copper content of intact protein samples. Total enzyme copper was determined by atomic absorption analysis (external contract, Southern Science, Sussex, UK) with a diluted reference copper solution as standard.
Reagents. 4-Hydroxyphenylalanine (L-tyrosine), 3,4-dihydroxyphenylalanine (L-DOPA), 4-tert-butylcatechol (TBC), and tropolone were obtained from Aldrich (Madrid, Spain). NADH (S R ) was from Sigma y To whom correspondence should be addressed. Fax: +34-868-883963; E-mail: canovasf@um.es (Madrid, Spain). Stock solutions of S R were prepared in NaOH (1 mM). Stock solutions of the diphenolic compounds were prepared in phosphoric acid (0.15 mM). Protein concentrations were determined by Bradford's method 12) using bovine serum albumin as standard. Milli-Q System water was used throughout (Millipore, Billerica, MA).
Monophenolase activity of TYR. The monophenolase activity of TYR was followed spectrophotometrically, measuring the accumulation of dopachrome at a wavelength of 475 nm (" ¼ 3;500 M À1 cm À1 ) 13, 14) during the oxidation of L-tyrosine, using a Perkin-Elmer Lambda-35 spectrophotometer connected to a PC (Perkin-Elmer, Massachusetts, USA). The conditions of the assay are specified in the figure legends.
Diphenolase activity of TYR. The diphenolase activity of TYR was followed spectrophotometrically, measuring the accumulation of 4-tert-butyl-o-benzoquinone, at a wavelength of 410 nm (" ¼ 1;150 M À1 cm À1 ) 13, 14) during the oxidation of TBC, or the accumulation of dopachrome at a wavelength of 475 nm (" ¼ 3;500 M À1 cm À1 ) during the oxidation of L-DOPA, using the mentioned apparatus. The conditions of the assay are specified in the figure legends.
Oxygen consumption. Oxygen consumption was measured using a Clark-type electrode coupled to a Hansatech (Norfolk, UK) oxygraph after calibrating with TYR/TBC. 15) Nitrogen was bubbled through the reaction medium to displace the oxygen. The reaction medium (2 ml) contained various concentrations of NADH (see figures) in the buffers: 30 mM sodium acetate (pH 4.0, 4.5, and 5.0) and 30 mM sodium phosphate (pH 5.5, 6.0, 6.5, 7.0, 7.5, 7.8, and 8.0). The reaction was started by the addition of TYR dissolved in water.
NADH oxidase activity. The values of V O2
0 were determined at short reaction times in triplicate at each ½S R 0 . From experiments in which the dependence of V O2 0 on ½S R 0 was studied, V O2 max and K SR m were obtained by non-linear regression fitting of the data for V O2 0 vs. ½S R 0 using the Sigma Plot program for Windows Ò . 16) Kinetics of suicide inativation. The kinetics of the suicide inactivation of TYR in its action on NADH can be followed by measuring the disappearance of oxygen using an oxygraph or by measuring the disappearance of NADH with a spectrophotometer. These spectrophotometric assays were carried out with a Perkin-Elmer Lambda-35 spectrophotometer on-line interfaced to a PC computer (Perkin-Elmer, Massachusetts, USA), in which the kinetic data were recorded, stored, and later analyzed. The reaction was followed by measuring the disappearance of NADH at a wavelength of 400 nm (" 400 ¼ 195 M À1 cm À1 ).
Data analysis. The experimental data for the disappearance of NADH with time follow the equation:
where ½S R is the instantaneous concentration of NADH, ½S R f is the NADH-value at t ! 1, ½S R 1 is the NADH consumed at the end of the reaction, t ! 1, i.e., ½NADH 1 ¼ ½NADH 0 À ½NADH f or ½S R 1 ¼ ½S R 0 À ½S R f and Eox , the apparent inactivation constant for E ox in the suicide inactivation of TYR under aerobic conditions.
Generation of E ox and E d . We set out to characterize kinetically the inactivation of the E d form of TYR. For this, E d was generated from the native enzyme, adding micromolar concentrations (2 mM) of H 2 O 2 so that the E m form transitioned to E d . Then nitrogen was bubbled through the solution, transforming all the E ox to E d (E ox E d þ O 2 ). 5, 17) Generation of E m . The inactivation of E m was characterized by first generating it from the native enzyme in two ways: (a) Adding 2 mM catalase, so that E ox E m þ H 2 O 2 ; catalase acts on the H 2 O 2 displacing the equilibrium,
so that all the enzyme passes to E ox and then adding 2 mM catalase. 5, 17) Evaluation of enzymatic species E m , E d , and E ox in an enzymatic preparation of TYR. It is known that in an enzymatic preparation of TYR from any source are found three forms, E m , E d , and E ox . 17) Several researchers have proposed spectrophotometric methods of evaluating these forms. 5, [17] [18] [19] Here, we propose a kinetic method based on the fact that the inactivation of these forms by 2-mercaptoethanol 20) occurs over a wide time range: inactivation constants of 0.014 s À1 , 4 Â 10 À5 s À1 , and 1 Â 10 À5 s À1 for E m , E d , and E ox respectively. Under aerobic conditions at oxygen concentrations of 0.26 mM, practically the only forms existing are E ox and E m . 11) Note that the difference between k ox i and k m i is three orders of magnitude, a difference that can be used to evaluate these enzymatic forms. The experimental method is described in reference 21.
Results and Discussion
The NADH effects on melanogenesis and tyrosinase were studied under two conditions, aerobic and anaerobic.
NADH effect on melanogenesis under aerobic conditions
The NADH effect on melanogensis under aerobic conditions involves three types of reaction: (a) acting as TYR substrate (competitive substrate of L-tyrosine and L-DOPA), (b) irreversible inactivation acting as suicide substrate of TYR, and (c) non-enzymatic reduction of o-dopaquinone with NADH (Scheme 1A).
To carry out the experiments in the presence of the reduced coenzyme, NADH, it is first necessary to study their stability under the experimental conditions to be used. In this respect, at pH 7.0 in phosphate buffer and at the measurement times used, both in spectophotometric (wavelength 340 nm) and oxymetric experiments, the coenzyme was seen to be stable (results not shown).
Effect of NADH on melanogenesis through reduction of o-dopaquinone, and effect of NADH on the diphenolase and monophenolase activities of TYR
The product of the action of TYR on L-tyrosine and L-DOPA (the o-dopaquinone) acts as an oxidant of NADH, since the redox potentials are o-quinone/diphenol = 0.152 V, NAD þ =NADH þ H þ ¼ À0:315 V. 22) This was observed when both TYR activities (diphenolase and monophenolase) were studied in the presence of NADH.
Diphenolase activity
The effect of NADH, mediated by the reduction of o-dopaquinone, depends on the concentration used, so we shall consider two cases.
Low concentrations of NADH Figure 1A depicts the effect of NADH at low (mM) concentrations on diphenolase activity by measuring O 2 consumption and dopachrome accumulation ( Fig. 1A inset). The O 2 consumption rate did not vary ( Fig. 1A , recordings a-e), and the NADH only reduced odopaquinone (Q) to o-diphenol (D). However, there was a lag in dopachrome accumulation ( Fig. 1A inset, recordings a-e), due to the reduction of Q. Once the NADH has been consumed, dopachrome accumulates, with a velocity (V DC D ) equal to recording (a) in the absence of NADH. A similar result was obtained in a study of the effect of tetrahydropterines on melanogenesis. 23) High concentrations of NADH When NADH is in the order of mM concentrations, the oxygen consumption rate is inhibited (Fig. 1B , recordings a and b). The dopachrome accumulation rate A, Aerobic conditions. a, Enzymatic steps of the action of TYR on L-tyrosine (M), L-DOPA (D), and NADH (S R ). b, Kinetic mechanism to explain the suicide inactivation of TYR in its action on NADH, where E i is the inactive enzyme. c, Non-enzymatic steps for the reduction of o-dopaquinone (Q) by NADH (S R ) and the formation of dopachrome (DC) from o-dopaquinone (Q). B, Anaerobic conditions. a, Kinetic mechanism of E Ã d inactivation in the presence of NADH. b, Kinetic mechanism of E d inactivation in the presence of NADH. c, Kinetic mechanism of E d inactivation in the presence of NADH. is zero ( Fig. 1B inset, recording b), due to the reduction of Q to D by NADH. The reduced oxygen consumption rate ( Fig. 1B , recording b) may be explained if NADH acts as competitive inhibitor or as alternative substrate to L-DOPA. A similar result was obtained in a study of the effects of tetrahydropterines on melanogenesis. 23) Monophenolase activity The effects of concentrations of NADH on monophenolase activity was studied.
Low concentrations of NADH The effects of low concentrations of NADH (mM) on the enzyme's action on L-tyrosine are depicted in [Monophenol] ss = R. 24, 25) When the dopachrome accumulation was measured ( Fig. 2A inset, recordings a-d), the lag period diminished for lower concentration ( Fig. 2A inset, recordings b-c), since o-diphenol accumulated faster. However, at higher concentrations, the lag may lengthened ( Fig. 2A inset, recording d) , although the steady sate rates (V DC M ) is the same as that in recording (a).
High concentrations of NADH When high concentrations of NADH (mM) were used ( Fig. 2B , recording b) the lag disappeared. In recording (a) there was no added NADH. When dopachrome accumulation was measured ( Fig. 2B inset, recording b) a zero rate was obtained as a consequence of Q being reduced to L-DOPA. Based on these experiments, especially that reflected in recording (b) of Fig. 2B , we deduced that NADH reacts with the E m form of the enzyme, thus eliminating the lag, although the enzyme reaches a pseudo-steady state with a lower rate than in the absence of NADH ( Fig. 2B inset, recording a) indicating that NADH acts as a competitive, alternative substrate to L-tyrosine and, therefore, to L-DOPA. In Fig. 2B inset, dopachrome formation is zero, indicating that melanogenesis was inhibited, mainly due to the reduction of o-dopaquinone to L-DOPA.
Behavior of NADH as TYR substrate, and enzymatic catalysis
In the experiments described in Fig. 3 , the action of TYR on NADH can be observed. The isosbestic points indicate that oxidation occurred at a fixed stoichiometry. Thus, the reduced coenzyme can be oxidized (as substrate) by TYR according to the kinetic mechanism proposed in Scheme 1A (a) (see below).
Kinetic characterization of TYR action on NADH
The variation in the substrate concentration necessary for the kinetic characterization of TYR acting on the reduced coenzyme makes it necessary to use an oxymetric technique, because the phototube becomes saturated at high concentrations of NADH. Figure 4 shows the oxygen consumption recordings at substrate concentrations, and (Table 1) , and cannot be obtained experimentally by applying the integrated Michaelis equation. For these reason, these kinetic constants should be calculated using the expression 26) where k 8 represents the oxygen binding constant to E d (k 8 ¼ ð2:3 AE 0:4Þ Â 10 7 M À1 s À1 ). 11) Table 1 shows the data obtained and the value for L-tyrosine and L-DOPA for comparative purposes. 26, 27) The high K S m and low k cat of TYR are evident. However, the k cat when TYR acts on 6BH 4 was higher than when it acted on NADH, probably because the limiting step in catalysis was determined by nucleophilic attack on the copper atom in the enzyme's active site, whether in met-or oxy-TYR form. Thus, in the case of NADH, the attack can be carried out by an oxygen atom of the nicotinamide ring, while in the case of 6BH 4 it is a nitrogen atom (a stronger nucleophile) that carries out the attack. As has been found for the case of monophenols and diphenols, 28) the values of k cat reflect the power of the nucleophilic attack. The Fig. 4 inset ( ) shows the values of V O 2 0 vs. ½E 0 .
Effect of pH
The NADH oxidase activity of TYR increased as the pH of the medium increased (Fig. 5 ). The pH dependence of this activity was similar to that involved in the action of the enzyme on o-diphenols ( Fig. 5 inset) . However, at high pH values, the activity fell sharply since the substrate of the enzyme was NADH þ H þ . Furthermore, the shape of the curve reflects a pK a close to that of the diphenolase activity ( Fig. 5 inset) , which suggests that the catalytic mechanism for o-diphenols and for this coenzyme are similar, differing only in the protonation-deprotonation of the substrate. The pH of melanomas in white melanocytes was acid, which implies that the activity of TYR was low. However, the pH of melanocytes from black skin is higher and TYR activity in melanosomes is higher too. 29) From the kinetic analysis described in the supplementary material, the oxygen consumption rate was obtained as a function of [H] þ :
Eq. (2) shows how the oxygen consumption rate in the oxidation of NADH by TYR has a maximum and falls to zero at high pH values. The expression of a, b, and c is indicated in the supplementary material, eqs. (6SM-9SM).
Enzyme turnover in NADH oxidase activity
In the catalysis of o-diphenol oxidation, TYR has been found to exist in three forms: Met-TYR (E m ), deoxy-TYR (E d ), and oxy-TYR (E ox ). In the steady state, the predominant form is E ox , 11) as seen from the timedependent inhibition shown by tropolone. This compound is a time-dependent inhibitor of TYR and acts on the E ox form, which is accumulated when TYR acts on TBC ( Fig. 6, line (a) , 93% inhibition). In the case of NADH oxidase activity ( Fig. 6 inset) , the same behavior (82.5% inhibition by tropolone) was seen. This confirms that the form that accumulates in the steady state is E ox , since the binding of substrates to E ox is slower than to E m and the oxidation constant in the complex E ox S R is lower than in E m S R . 11) In the case of the catalase activity of TYR ( Fig. 6, recording b) , the presence of tropolone in the same concentrations as in Fig. 6 , recording (a) and Fig. 6 inset, did not produce inhibition, since the predominant form in the turnover was E d . 30) 
Inhibition by competitive substrate, and action of TYR on L-tyrosine and L-DOPA in the presence of NADH
The action mechanism of TYR on monophenols and o-diphenols in the presence of NADH is described in Scheme 1A (a). The mechanism described in Scheme 1A (a) assumes that M 6 ¼ 0 does not reach a real steady state, since NADH keeps reducing any o-quinone generated, which leads to a constant increase of o-diphenol in the medium. However, the mechanism described in Scheme 1A (a) (M ¼ 0) reaches the steady state and so a rate equation can be deduced. The equation corresponding to the oxygen consumption rate, V O 2 0 , is shown in the supplementary material, and is of type 2:2 as regards the o-diphenol (D) and NADH (S R ) concentrations. Therefore, experiments carried out at a fixed concentration of reducing substrate (S R ), in the order of Fig. 7 , curves a and c, respectively (Supplementary material; see Biosci. Biotechnol. Biochem. Web site).
These results confirm that melanogenesis was inhibited by NADH acting as alternative competitive substrate. A similar result is obtained in the presence of tetrahydropterines. 23) 
Suicide inactivation of TYR in its action on NADH
The kinetic mechanism proposed to explain the suicide inactivation of TYR acting on NADH is described in Scheme 1A (c), based on the mechanism proposed to explain the action of the enzyme on o-diphenol. 31) The derivation of the analytical expression which establishes the variation of the NADH concentration with time when ½NADH 0 ) ½E 0 is described in detail in the supplementary material at http://www.BiochemJ.org/bj/416/bj4160431add.html.
Based on the findings of previous studies of the suicide inactivation of TYR from diverse sources, the process follows first-order kinetics and has a much higher partition ratio (r) than 1. [13] [14] [15] The variation of [NADH] with time is given by eq. (1) and, therefore, when t ! 1 the [NADH] has the following expression:
Bearing in mind that the K O 2 m values are very low, 26) and that the initial concentration was 0.26 mM, the enzyme was saturated by O 2 , and so the following can be deduced:
and
where K S R m is the Michaelis constant of E for S R . The experimental study was carried out in three steps following the methodology used to study the kinetics of suicide substrates. 31, 32) Step 1. Bearing in mind the stability of NADH, the factor corresponding to the spontaneous oxidation of the substrate has no significant value. For this reason, the enzyme concentration was optimized so that the NADH consumed ½NADH 1 ( ½O 2 0 , [NADH] 0 (results not shown).
Step 2. Variation in enzyme concentration. The concentration of ½E 0 was varied while the substrate concentration was kept constant. The results are shown in Fig. 8, while Fig. 8 inset shows the dependences of E ox and [NADH] 1 with respect to the enzyme concentration. From the value of the slope of the relationship [NADH] 1 vs. ½E 0 , the value of r is obtained ( Table 2) .
Step 3. Variation of the concentration of NADH (S R ). With a fixed concentration of enzyme sufficient to give ½NADH 1 ( ½NADH 0 for the lowest substrate concentration assayed, the concentration of substrate is varied while the concentration of O 2 is kept constant at a saturating 0.26 mM (Fig. 9 ). For the substrate studied, a hyperbolic dependence of the apparent inactivation constant ( E ox ) is obtained with respect to the concentration of NADH ( Fig. 9 inset) . Non-linear regression analysis of E ox vs.
[NADH] 0 according to eq. (4), gives the values of E ox (max) , the apparent maximum inactivation constant and K S R m , the Michaelis constant of TYR for NADH ( Table 2) . From these values and taking into consideration eq. (5), the catalytic constant, k S R cat , can be obtained (see Table 2 ). Note the similarity of the values in Table 1 and Table 2 for k S R cat and K S R m calculated by measuring the initial velocity (Table 1 ) and the transition phase ( Table 2 ). Figure 10 shows the experimental values obtained for the residual diphenolase activity of the enzyme during the suicide inactivation of TYR with NADH. Figure 10 inset shows similar results obtained for monophenolase activity. Note that the same value for the apparent inactivation constant, E ox , was obtained in both cases, and the same as that in Fig. 9 obtained with the same concentration of NADH.
The inactivation mechanism, Scheme 1A (c), is consistent with the experimental observation that 50% of the copper is lost from the active site during catechol inactivation, 33) in the form of copper (0), and also with experiments carried out, 34) concerning the impossibility of reactivating the inactivated enzyme by adding Cu 2þ , which in turn suggests the need for a ''caddie'' protein. 35) 
Inactivation of TYR by NADH under anaerobic conditions
Certain physiological conditions, the level of oxygen can be low in the melanocytes. Under these conditions, the enzymatic forms that exist in dissolution are met-TYR and deoxy-TYR.
Evaluation of enzymatic species E m and E ox in a preparation of TYR
The forms of TYR are in equilibrium, 5, 17, 36) as described in Scheme 2.
In the presence of oxygen (0.26 mM), the principal forms are E m (Cu(II) 2 ) and E ox (Cu(II) 2 O 2 2À ), whose concentrations can be determined by measuring the residual activity of the native enzyme (1 mM) during its irreversible inactivation by 2-mercaptoethanol (10 mM), as described in reference 21.
Transition
The enzymatic species E d was generated as described in ''Materials and Methods.'' 21) This enzymatic form, E d , evolves into another enzymatic form that we denominate E Ã d , according to Scheme 3: Form E Ã d was stable and showed a greater K m for o-diphenol (TBC), 3.4 mM as opposed to the 1.6 mM of the native enzyme. Bearing in mind this difference in enzymatic activity, the transition of E d to E Ã d can be followed (Fig. 11 ). The enzymatic activity at a time t, with respect to the initial activity, fits eq. (6), and by non-linear regression, the transition constant k T ¼ ð6:5 AE 0:5Þ10 À4 s À1 , is calculated.
Inactivation of E Ã d by NADH As indicated above, enzymatic form E Ã d was stable under anaerobic conditions, but underwent irreversible inactivation in the presence of NADH. This inactivation process can be studied in two steps:
Step 1. Form E Ã d is generated from E d by allowing the reaction to proceed for 90 min. Substrate S R is added and nitrogen is continuously bubbled, taking aliquots occasionally and measuring the residual activity. From these experiments, it was found that this enzymatic form was inactivated (Fig. 12 ). The following kinetic mechanism is proposed to explain this inactivation (Scheme 1B (a)):
The inactivation follows a first order kinetic:
The values of the residual activity vs. time fit eq. (7), giving the value of the apparent inactivation constant ( Fig. 12 and Table 3 ).
Step 2. Variation of the substrate concentration (NADH). By varying the substrate concentration, the data depicted in Fig. 12 were obtained. Analysis of the data according to eq. (7) gives the apparent inactivation constant S R E Ã d . From the mechanism proposed in Scheme 1B (a), it can be deduced that
The representations of S R E Ã d vs. ½S R 0 do not point to hyperbolic behavior, due to the high value of K Ã S R , so that the information can be reduced to
The values of the inactivation efficiency k Ã i SR =K Ã S R are shown in Table 3 .
Inactivation of E d by NADH
The recently generated form E d shows similar behavior to that of E Ã d , Fig. 13 and Table 3 (Scheme 1B (b)). The expression of S R E d is: Fig. 11 , was allowed to stand for 90 min to obtain E Ã d . The NADH was added at t ¼ 0, and aliquots were taken at various times to measure the residual activity with 9 mM TBC (wavelength of 410 nm). The values obtained were fitted to eq. (7), and the apparent inactivation constant ( SR However, note that the inactivation efficiency k i SR =K S R is higher for this enzymatic form (Table 3 ), suggesting it should bind better to NADH so that its inactivation is more rapid than in the case of E Ã d (Scheme 1B (b)). Inactivation of E m by NADH Form E m was stable under anaerobic conditions but in the presence of NADH, underwent inactivation that can be characterized kinetically in the following way:
E m form, generated as described in ''Materials and Methods,'' 21) is preincubated anaerobically with NADH. Aliquots are taken at different times to determine residual activity. To explain the irreversible inactivation, Scheme 1B (c) is proposed.
The equation for the residual activity is monoexponential:
The experimental data are identical to those obtained with form E d . Thus, E m reacts rapidly with NADH, and since k 2 , k À2 and k 3 are constants of the catalytic cycle, they are high, and E m is rapidly transformed into E d . Once it has reached the E d form, it is irreversibly inactivated (Scheme 1B b), and the expression of S R E m is identical to that of the form E d ð S R E m Þ. Similarly, there is no saturation with NADH and the inactivation efficiency is the same as for E d (Fig. 13 and Table 3 ).
Oxygen protected against the inactivation of TYR TYR catalyzed a bisubstrate reaction with O 2 and a reductant, in this case, NADH. The most unstable form in the enzyme's turnover (Scheme 1) is E d . However, this form is almost non-existent in the turnover, since it binds to the O 2 with a low constant. 11) The K O 2 m values are also small, 26) and, at the oxygen concentration of the solutions (0.26 mM), the enzyme is saturated by O 2 . The other substrate, NADH, and generally speaking most of the o-diphenols and triphenols, are true suicide substrates, this process occurring during electron transfer to the copper atoms. In the case of NADH, the inactivation efficiency of the E ox form (aerobic conditions), E ox (max) =K S R m ¼ 2 Â 10 À6 mM À1 s À1 (Table 2 ), was lower than that observed for forms E m , E d , and E Ã d ( Table 3) , indicating that oxygen protects the enzyme against inactivation.
Possible physiological consequences
Melanosomes arise from the Golgi apparatus and from the cisterns of the endoplasmic reticulum. Nicotinamide mononucleotide adenyl transferase (NMNAT), the key enzyme in NAD þ biosynthesis, 37) is expressed in one of its forms in the Golgi, so that it is highly likely that melanosomes contain NAD þ . 38) For its part, NADH reductase is active in the lumen of the endoplasmic reticulum. 39) The immediate consequence of the oxidation of coenzyme NADH to NAD þ is a loss of energy, since these coenzymes under normal conditions are oxidized, originating ATP synthesis, or are used in biosynthesis reactions. On the other hand, the NAD þ formed functions in many signalling pathways. 7) The presence of thioredoxin reductase/thioredoxin (TR/T) has been confirmed in melanocytes. 40) This system, under normal physiological conditions, is always reduced by NADH, so that this coenzyme is attacked by TYR and contribute to the generation of H 2 O 2 in processes such as vitiligo. 41, 42) Moreover, consumption of NADH hinder the action of the NADH-dependent dihydropteridine reductase, which reduces quinonoid dihydrobiopterin to 6(R)-L-erytro-5,6,7,8-tetrahydrobiopterin (BH 4 ). 43) The presence of BH 4 in melanosomes under physiological conditions has been demonstrated. 44) 
Conclusions
Based on the results obtained in the present study, we suggest that the reduced coenzyme, NADH, acts on melanogenesis and tyrosinase under both aerobic and anaerobic conditions. Under aerobic conditions, NADH acts at three levels: (i) through inhibition, acting as an alternative substrate (to L-tyrosine and L-DOPA) of the enzyme, (ii) through irreversible inactivation of the enzyme, when it behaves as a suicide substrate, and (iii) through the non-enzymatic reduction of o-dopaquinone. Under anaerobic conditions, NADH irreversibly inhibits the enzymatic forms met-TYR and deoxy-TYR. fellowship from the Ministerio de Educación y Ciencia (Madrid, Spain) Reference AP2005-4721. FGM holds a fellowship from the Fundación Caja Murcia (Murcia, Spain). The form E d was generated (''Material and Methods'') and immediately incubated with NADH, and aliquots were taken at various times to measure the residual activity with 9 mM TBC (wavelength of 410 nm). The values obtained were fitted to eq. (7), but referring to E d , and the apparent inactivation constant ( SR Ed ) was obtained at each concentration of NADH. The experimental conditions were 30 mM sodium phosphate buffer (pH 7.0) at 25 C, ½E 0 0.1 mM, [H 2 O 2 ] 0 2 mM and NADH (mM) of 30 , 40 , 50 , 60 , and 70 . Inset A, SR Ed vs. ½S R 0 . Inset B, in the case of E m , the same procedure was followed as with E d . SR Ed vs. ½S R 0 .
